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a b s t r a c t
Arsenic species are utilized as tracers in a study of pore initiation in anodic ﬁlms that were formed at
constant potentials on aluminium in phosphoric acid. The ﬁlmswere grownﬁrst in sodiumarsenate solu-
tion and then in phosphoric acid, and examined using ion beam analysis and scanning and transmission
electron microscopies. The analysis of the arsenic content of specimens indicates that the growth mech-
anisms of incipient and major pores involve mainly ﬁeld-assisted dissolution and ﬁeld-assisted ﬂow ofeywords:
luminium
nodizing
orous ﬁlm
echanism
the alumina, respectively. The transition between incipient and major pore formation is suggested to be
initiated by preferential growth of certain incipient pores, leading to a locally increased current density
at the pore bases. The major pores subsequently develop by the ﬂow oxide away from the pore bases,
which is evident from the behaviour of the arsenic tracer. The results suggest that the ﬂow is associated
with the non-uniform distribution of ionic current and a relatively low volume of formed ﬁlm material
e of
 compared with the volum
. Introduction
Porous anodic alumina ﬁlms have been of research interest for
any years, since they are important for the protection of alu-
inium alloys against corrosion and wear and provide surfaces
uitable for application of paints and adhesives [1–4]. The ﬁlms
ave also attracted signiﬁcant attention for use in nanotechnolo-
ies, due to their sub-micron, ordered pores [5–8]. Porous anodic
xides can also be formed on other metals, for example magne-
ium [9], iron [10,11], tantalum [12], titanium [13–16], tungsten
17] and zirconium [18,19], and the mechanistic understanding of
he amorphous alumina ﬁlms is relevant to these other oxides.
Porous alumina ﬁlms typically consist of an inner barrier region
nd a much thicker, outer porous region. The latter contains ﬁne,
ncipientporesnear theﬁlmsurface,which formsoonafter the start
f anodizing, and larger, approximately cylindrical, major pores,
hich arepresent in themainbodyofﬁlm. Themajorporesdevelop
rom a selected number of the incipient pores, with the growth of
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other incipient pores then being terminated. It has been suggested
that major pores form due to either dissolution of the oxide at the
pore bases [20] or ﬂow of oxide [21–23] in the barrier region. Each
major pore and the adjacent oxide constitute a cell and, under cer-
tain anodizing conditions, cells self-organize as a regular hexagonal
pattern [24,25]. The pore diameter, interpore spacing and barrier
layer thickness depend on the forming potential, while the thick-
ness of the porous region increases with the charge passed during
anodizing. The growth of the ﬁlms involves the migration of Al3+
and O2− ions in the barrier layer [26,27]. Other species, derived
from the electrolyte, may also be present in the ﬁlms, such as phos-
phate or sulphate ions, with differing migration rates leading to
compositional variation in the barrier layer and cell walls [28–31].
Much recent work has been focused on understanding the
mechanism of pore formation and the causes of the instabilities
that lead to the incipient and major pores [32–40]. Of particular
relevance to the present paper, Proost et al. showed that the efﬁ-
ciency of ﬁlm growth in phosphoric acid changes as pores develop,
e.g. from ∼0.37 to 0.76 and from a negative value to ∼0.1 at cur-
rent densities of 10 and 1mAcm−2, respectively [34]. Further, the
observation of signiﬁcant reductions in both the efﬁciency of ﬁlm
growth and the volume expansion factor (ratio of the thickness of
Open access under CC BY license.the anodic ﬁlm to the thickness of oxidized aluminium)with reduc-
tion in the current density led to the suggestion that ﬁeld-assisted
dissolution of oxide is a signiﬁcant factor in the loss of Al3+ ions
from the ﬁlms at low current density, while ﬁeld-assisted ejection
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f Al3+ ions dominates as the current density rises [32,33]. Oh and
hompson showed that non-Faradaic, ﬁeld-assisted dissolution of
lumina occurs in ﬁlms under electric ﬁelds of ∼8.4MVcm−1 [40].
he ﬁlms thin uniformly up to a ﬁeld of ∼7.46MVcm−1, whereas
ncipient pores form at higher ﬁelds, with measurable oxidation
f aluminium commencing at ∼8.4MVcm−1. A second instability,
nvolving ﬂow of oxide, leads to later formation of the major pores.
t is well established that pore initiation is dependent on topo-
raphic features of the aluminium, for example cellular textures on
n electropolished surface [37] or impressions produced by a die
6]. Recent studies have considered the possibility that minimiza-
ion of the mechanical or electrostatic stored energy may lead to
nstability of a ﬂat alumina surface [35]. Other work has suggested
hat closely-spaced pores are stable only within a narrow window
f anodizing efﬁciency [38]. Further, the analysis of the effect of
iscous ﬂow on the stability of a uniform ﬁlm subject to periodic
eformation has been used to predict pore patterns and pore sizes
39].
In the present study, an 18O-labelled barrier oxide, which con-
ains immobile arsenic species, was grown on aluminium. The
luminium was then re-anodized in phosphoric acid under ﬁelds
hat according to [40] were (i) below the threshold for incipient
ore formation, (ii) close to the threshold for commencement of
igniﬁcant oxidation of aluminium and (iii) well above the latter
hreshold. The arsenic and 18O contents of the ﬁlmsweremeasured
sing ion beam analysis, and the pore morphologies and arsenic
istributions were studied using scanning and transmission elec-
ron microscopies. From these results, the roles of ﬁeld-assisted
issolution and ﬁeld-assisted ﬂow in the formation of pores were
ssessed.
. Experimental
.1. Specimen preparation
Specimens of size 30×10mm were cut from 99.99% aluminium
heet that had a cubic texture. They were then electropolished at
0V for 300 s in a perchloric acid/ethanolmixture (20%:80% by vol.)
t 278K, rinsed in ethanol and then deionizedwater. Aftermasking
ith lacquer, an area of ∼2 cm2 was anodized in a two-electrode,
lass cell, with an aluminium cathode. The cell contained 30 cm3 of
tirred electrolyte at a temperature of 296K. The small volumemin-
mized the use of 18O-enriched water. Two sequential anodizing
onditions were employed:
(a) a constant current density of 5mAcm−2, ﬁrst to 40V in
0.1mol dm−3 sodium arsenate (pH 9.3, prepared with AR grade
Na2HAsO4·7H2O) and secondly to 100 or 150V in 0.1mol dm−3
ammonium pentaborate;
b) ﬁrst a constant current density of 5mAcm−2 to 60V in
0.1mol dm−3 sodium arsenate and secondly a constant poten-
tial (40, 60 or 110V—corresponding to the ﬁelds (i), (ii) and
(ii) mentioned previously) for 15, 60 or 180 s in 0.4mol dm−3
phosphoric acid.
The arsenate electrolyte was prepared using water enriched to
10% in 18O (CK Gas Products Ltd). Other electrolytes were pre-
ared using deionized water of the natural isotopic composition.
alvanostatic and potentiostatic anodizing used Metronix 6911
ndGWDCpower supplies, respectively, connected to adata acqui-
ition system (National Instruments) and computer for recording
he potential and current responses. Condition (a) was used to
etermine the mobility of arsenic species in anodic alumina. Con-
ition (b) was used to examine pore initiation during anodizing
n phosphoric acid. Following each stage of anodizing, specimensica Acta 113 (2013) 302–312 303
were rinsed in deionized water. The second stage of anodizing was
carried out immediately after the ﬁrst stage. After completion of
anodizing, the specimenswere dried in a streamof cool air. For con-
dition (b), a piecewas cut fromeach specimen inorder todetermine
the arsenic and 18O contents of the ﬁlms formed only in the arsen-
ate electrolyte. After re-masking, the remainder of each specimen
was re-anodized in the phosphoric acid. A specimen that had been
anodized to 60V in sodium arsenate electrolytewas also immersed
in phosphoric acid for 180 s in order to assess chemical dissolution
of the ﬁlm.
2.2. Specimen examination
Elemental depth proﬁling of specimens was performed by glow
discharge optical emission spectroscopy (GDOES), using a GD-
Proﬁler 2 instrument (Horiba Jobin Yvon). The measurements were
made in the continuousmode, using a copper anode of 4mmdiam-
eter, with an argon pressure of 635Pa and a power of 35W, and a
ﬂush time 30 s. Light emitted by sputtered species was monitored
with a sampling interval of 0.01 s at wavelengths (nm) of 396.152
for aluminium, 130.217 for oxygen, 249.678 for boron and 188.980
for arsenic.
Cross-sections of ﬁlms were prepared by ultramicrotomy for
examination by transmission electron microscopy (TEM). The ﬁnal
sections, of ∼15nm nominal thickness, were cut using a diamond
knife. TEM employed a JEOL FX 2000 II instrument operated at
120kV or a FEI Titan G2 80-200 S/TEM instrument operated at
200kV. The latter was equipped with ChemiSTEMTM, which incor-
porates four energy-dispersive X-ray (EDX) silicon-drift detectors
(SDD). Elemental maps were acquired for 15min at 256×256pixel
resolution, with a pixel size of 1.1nm. The surfaces of ﬁlms were
observed by scanning electron microscopy (SEM), using a Zeiss
Gemini Ultra 55 instrument operated in the range 1 to 3kV.
Ion beam analyses were carried out using the Van de Graaff
accelerator at the Institut des Nano Sciences de Paris. Nuclear reac-
tion analysis (NRA) employed the 18O(p,)15N and 16O(d,p1)17O
reactions, using 750 and 870keV protons and deuterons, respec-
tively, at normal incidence, with the detector positioned at 150◦ to
the direction of the incident beam. The analyzed area was ∼1mm
diameter.A13m-thickMylarﬁlmwasplaced in frontof thedetec-
tor to stop elastically-scattered particles, thereby providing almost
background-free detection. For quantitative analyses, the reaction
yields were compared with tantalum oxide references containing
485±8×1015 18O and 690±20×1015 16O atoms cm−2. The accu-
racies of the 16O and 18O analysis were ∼3%. More details of the
methods can be found elsewhere [41]. 18O depth proﬁling was
performed using the very narrow resonance of the 18O(p,)15N
reactionat151keV.Anautomatic energy scanning systemwasused
to change the beam energy. A 2mm diameter beam was incident
at 60◦ to the specimen surface, with an angle of 90◦ between the
beam and the detector. The analyzed area was ∼8mm2. A 3m-
thick Mylar ﬁlm excluded elastically-scattered protons. Details of
the method have been published previously [42,43].
Rutherford backscattering spectroscopy (RBS) was carried out
using 1.8MeVHe+ ions at normal incidence, with a scattering angle
of 165◦. The analyzed area was ∼1mm diameter. Data were ﬁtted
using SIMNRA software to determine the aluminium contents of
the oxides. Arsenic contents (NAs) were determined from the yields
from arsenic (YAs) in the oxides and from bismuth (YBi) implanted
into silicon to a known ﬂuence (NBi—5.55±0.05×1015 bismuth
atoms cm−2). Rutherford cross-sections were assumed, such that
NAs =NBi (YAs/YBi)
(
Z2Bi/Z
2
As
)
, in which ZAs and ZBi are the atomicnumbers of arsenic and bismuth, respectively. This method elimi-
nates inaccuracies due to subjectivity in ﬁtting datawith simulated
spectra. The statistical error in YBi was ∼1%. The statistical error in
YAs for specimens anodized in the arsenate electrolyte was ∼5%,
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thick region of incipient pores. The pores appear to be separated by
∼20 to 40nm, suggesting a ratio of ∼0.3 to 0.7nmV−1. The diam-
eter of the pores is in the range 5 to 15nm. The aluminium/ﬁlm
interface is scalloped, contrasting with the relatively ﬂat interfaceig. 1. Results of analyses by glow discharge optical emission spectroscopy of alu
e-anodizing to (a) and (b) 100V or (c) and (d) 150V at 5mAcm−2 in 0.1mol dm−3
hich included the error in the pile-up background. The error
ncreased if re-anodizing caused loss of arsenic, with the highest
rror being ∼8%.
. Results
.1. Mobility of arsenic species
GDOES depth proﬁles of aluminium, arsenic, boron and oxygen
re shown in Fig. 1 for specimens that were anodized under condi-
ion (a), i.e. in the sodium arsenate electrolyte to 40V and then in
he ammoniumpentaborate electrolyte to 100or 150V. The growth
f theﬁlmsoccurs at almost 100%efﬁciency [24,44]. Theouter 0.4 of
he ﬁlm thickness is formed due to outward migration of Al3+ ions,
he remainder by inward migration of O2− ions [45]. Incorporated
oron species, being immobile, are present in the outer region [46].
he location of the arsenic species next to the boron-containing
egions indicates that the arsenic species are also immobile.
.2. Pore initiation at constant potential
The current density-time relationships are shown in Fig. 2 for
pecimens thatwere re-anodized for 180 s in phosphoric acid at 40,
0 or 110V. At each potential, the current density initially falls to a
inimum and then slowly increases. An initial charge establishes
he electric ﬁeld and ionic transport across the ﬁlm. The current
s then consumed by oxidation of the aluminium. The high-ﬁeld
onduction equation of Harkness and Young [44] indicates that the
onic current density under the electric ﬁeld at 40V is very low,
1Acm−2. A higher current, of ∼0.1mAcm−2, was measured,
hich is due to side reactions at ﬂaws in the anodic ﬁlm and defects
n the lacquer. This background was subtracted from the results at
0 and 110V.m following anodizing to 40V in 0.1mol dm−3 sodium arsenate at 296K and then
nium pentaborate at 296K.
Transmission electron micrographs of anodized specimens are
shown in Fig. 3. Fig. 3(a) reveals a ∼75nm thick ﬁlm formed
in the arsenate electrolyte, which indicates a formation ratio of
∼1.25nmV−1. Fig. 3(b) shows a ∼70nm thick barrier ﬁlm on a
specimen that was re-anodized at 40V for 180 s. A ∼5nm thick
surface layer is present that is probably hydrated alumina, formed
during the anodizing process. Fig. 3(c) shows a ∼105 to 120nm
thick ﬁlm formed by re-anodizing at 60V for 180 s, with a ∼50nmFig. 2. Current-density-time relationships for aluminium following anodizing to
60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at 296K and re-anodizing at 60
or 110V in 0.4mol dm−3 phosphoric acid at 296K.
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oig. 3. Transmission electron micrographs of aluminium following anodizing to 60
80 s at (b) 40V, (c) 60V and (d) 110V in 0.4mol dm−3 phosphoric acid at 296K.
f the previous specimen. The scallops are of varying width, within
he range ∼20–100nm, and have depths of up to ∼10nm. There
s no obvious correlation between the locations and sizes of the
callops and the diameters of the pores. The formation ratio of the
arrier region is ∼1.0nmV−1. Fig. 3(d) shows a ∼200 to 260nm
hick ﬁlm formed by re-anodizing at 110V for 180 s, with pores
n the outer ∼100 to 150nm of the ﬁlm. Compared with the ﬁlm
ormed at 60V, major pores are developing and the incipient pores
re wider and deeper. The barrier layer beneath the major pores
as ∼115nm thick, indicating a formation ratio of ∼1.05nmV−1.
he incipient pores were usually ∼20 to 30nm deep and sepa-
ated by ∼20 to 60nm, corresponding to a ratio between ∼0.2 and
.6nmV−1.
RBS spectra are shown in Fig. 4(a–c) for specimens re-anodized
t 40, 60 and 110V, respectively. Each spectrum is compared with
hat of the reference piece retained after anodizing in the arsenate
lectrolyte only. The spectra reveal yields from aluminium, which
iden when re-anodizing causes the oxides to thicken. The widths
f the oxygen yields also increase. The ﬁlms formed in arsenatemAcm−2 in 0.1mol dm−3 sodium arsenate at 296K (a) and after re-anodizing for
electrolyte are 73±3nm thick, using a density of 3.1 g cm−3 for
anodic alumina [47], with arsenic contained in the outer ∼0.4 to
0.5 of the ﬁlm thickness. Re-anodizing at 40 and 60V led to loss
of arsenic, with the remaining arsenic being located near the ﬁlm
surface. In contrast, re-anodizing at 110V caused no signiﬁcant loss
of arsenic to the accuracy of the measurements. The arsenic was
now buried at a depth of ∼19nm. The burial has negligible effect
on the calculation of the arsenic content. Phosphorus was detected
in the ﬁlms formed at 60 and 110V. Fig. 4(d) shows that the arsenic
content is not affected signiﬁcantly by immersion in phosphoric
acid for 180 s.
Table 1 summarizes the results of NRA and RBS. Columns 1 and
2 give the total amounts of oxygen in the ﬁlms and the amounts
of oxygen that were added by re-anodizing. Columns 3 and 4 give
the amounts of arsenic incorporated from the arsenate electrolyte
and the reductions in the amounts of arsenic following either
immersion or re-anodizing in phosphoric acid. Column 5 gives the
thicknesses of alumina equivalent to the loss of arsenic, assuming
that arsenic was initially distributed in a ∼29nm thick layer (see
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Table 1
Results of ion beam analyses of specimens that were anodized ﬁrst in 0.1M sodium arsenate electrolyte to 60V at 5mAcm−2 and then re-anodized at a constant potential of
40, 60 or 110V, or immersed without polarization, in 0.4M phosphoric acid. Column 1 gives the total amounts of oxygen in the ﬁnal ﬁlms. Column 2 gives the changes in the
oxygen contents of the ﬁlms between the ﬁrst and second stages of anodizing. Column 3 gives the amounts of arsenic in the ﬁlms formed in the sodium arsenate electrolyte.
Column 4 gives the losses of arsenic following re-anodizing. Columns 5 and 6 give the thicknesses of alumina equivalent to the changes in the arsenic and oxygen contents
following re-anodizing. Two thicknesses are given in column 5 based on the assumption of either adsorption of 5×1014 arsenic atoms cm−2 (ﬁrst value) or no adsorption of
arsenic species. Columns 7, 8 and 9 give the cell charges passed during re-anodizing, the thicknesses of oxidized aluminium derived from the cell charges, and the efﬁciencies
of ﬁlm growth during re-anodizing.
Column no.
1 2 3 4 5 6 7 8 9
Specimen condition
Total O in ﬁlm Change in O Initial As in ﬁlm As loss Oxide loss (As) Oxide gain (O) Cell charge Al oxidized Efﬁciency
× 1015 atoms cm−2 % nm nm mC cm−2 nm
40V 15 s 375 −8 4.9 13 1, 4 −2 <1 <1 −ve
60 s 376 −15 5.2 17 2, 5 −3 <1 <1 −ve
180 s 383 −18 4.9 25 5, 7 −3 <1 <1 −ve
60 V 15 s 401 16 4.1 18 2, 5 3 23 8 0.21
60 s 433 51 4.5 35 8, 10 9 61 21 0.26
180 s 549 159 4.6 47 12, 14 29 153 53 0.32
110V 15 s 682 303 4.9 7 0, 2 55 136 47 0.66
60 s 754 378 4.0 3 0, 1 69 191 66 0.59
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a180 s 1018 635 4.3 8
Immersion 180 s 375 −15 4.5 4
ection 4). It is shown later that arsenic may be lost by removal
f adsorbed species. Hence, two thicknesses are given, assuming
ither no adsorbed arsenic or adsorption of 5×1014 atoms cm−2.
olumn 6 gives the thicknesses of alumina equivalent to the added
xygen, assuming a density of 3.1 g cm−3 [47]. Columns 7 and 8
ive the cell charges and the corresponding thicknesses of oxidized
luminium from Faraday’s law. At 110V, the current was off-scale
n the ﬁrst 0.3 s. The charge in this period was calculated from the
ncrease in ﬁlm thickness between 60 and 110V predicted by the
ormation ratio [44]. Column 9 gives the re-anodizing efﬁciencies,
.e. charge of added oxygen/re-anodizing charge. The oxygen ions
re assumed to be of charge ∼1.9e and 1.85e, where e is the charge
f the electron, at 60 and 110V, respectively, allowing for increased
ncorporation of phosphate ions at 110V [48,49]. No phosphorus
as detected at 40V.
Table 1 reveals that re-anodizing at 40V for 15, 60 and 180 s led
o ∼2%, 4% and 5% loss of oxygen (to an accuracy of ±3%), respec-
ively, and to ∼13%, 17% and 25% loss of arsenic (to an accuracy
f ±7%), respectively. Oxidation of aluminium is negligible [44]. In
ontrast, immersion for 180 s in the phosphoric acid led to losses
f ∼4% of oxygen and ∼3% of arsenic, which are insigniﬁcant. RBS
nalysis revealedno changes in the aluminiumcontents of theﬁlms
ollowing immersion and re-anodizing treatments, to an accuracy
f ∼6%. Re-anodizing at 60V for 15, 60 and 180 s increased the
xygen contents of the ﬁlms (Table 1), but decreased the arsenic
ontents by 18%, 35% and 47% (to an accuracy of ±7%), respectively.
he remainingarsenicwas locatednext to theﬁlmsurface.Nophos-
horus was detected by RBS after re-anodizing for 15 s. However,
fter 60 s, ∼5×1015 phosphorus atoms cm−2 were found near the
lm surface. After re-anodizing for 180 s, an upper limit on the
tomic ratio of P:Al in the ﬁlm of ∼0.02 was indicated. The low
ignal from phosphorus prevented resolution of the phosphorus
istribution. The re-anodizing efﬁciencies after 15, 60 and 180 s
ere ∼0.21, 0.26 and 0.32, respectively. The aluminium contents
f the ﬁlms indicated efﬁciencies of 0.31, 0.26 and 0.38, respec-
ively. Following re-anodizing at 110V, ﬁlm growth was recorded
t all times. Phosphorus was also detected in the outer region of
he ﬁlm to a depth of ∼60nm. This is the maximum depth that
ould be analysed since the phosphorus signal from greater depths
verlapped the aluminium yield. The results at 180 s could be sim-
lated using a P:Al atomic ratio of ∼0.05 for the outer region. The
nodizing efﬁciencies were ∼0.66, 0.59 and 0.57 after re-anodizing0, 2 116 330 114 0.57
−1 to 2 –3 – n/a n/a.
for 15, 60 and 180 s, respectively, compared with ∼0.68, 0.58 and
0.60, respectively according to aluminium analyses.
Fig. 5 shows the dependence of the loss of arsenic on the
time of re-anodizing at 40, 60 and 110V. Up to ∼5×1014 arsenic
atoms cm−2 were lost within the ﬁrst 15 s of re-anodizing. There-
after, arsenic was lost at slower rate. The relatively high initial loss
is probably due to adsorbed species, which are presumed to be
arsenate ions of the electrolyte. Surfaces of barrier ﬁlms formed in
molybdate and tungstate electrolytes reveal enrichments ofmolyb-
denum and tungsten at levels similar to that suggested for arsenic
[50].
Table 2 shows that re-anodizing at 40, 60 and 110V resulted
in negligible loss of 18O during re-anodizing. 18O depth proﬁles for
specimens thatwere re-anodized for180 s arepresented in Fig. 6. At
40V, the proﬁle retains the shape found for the specimen anodized
in arsenate electrolyte only, but with a small reduction in width.
Assuming that the stopping power of the ﬁlm is unchanged by pro-
ton irradiation, a reduction inﬁlm thickness by∼4%, or equivalently
∼3nm of alumina, is indicated. At 60V, ∼60% of the 18O is located
in the barrier part of the ﬁlm and the remainder in the outer porous
region, where the signal reduction suggests a porosity of ∼45%. At
110V, the amount of 18O in the outer region is negligible, due to
growth of alumina of the natural isotopic composition at the ﬁlm
surface, as explained later. The 18O in the underlying alumina is dis-
tributed between an inner part of the porous region and the barrier
layer.
Scanning electron micrographs of the surfaces of specimens re-
anodized at 60 and 110V for 180 s are shown in Fig. 7. The ﬁlm
formed at 60V reveals a random arrangement of pores (Fig. 7(a)).
Some pores are approximately circular, while others are irregular.
The sizes range from a few nanometres up to ∼40nm; the pore
are separated by ∼20 to 40nm. A different morphology occurs at
110V (Fig. 7(b)), which comprises ﬁne pores, of a few nanometres
size, and larger pores, with dimensions of ∼30 to 70nm. The larger
pores are of similar size to the major pores observed by TEM (see
Fig. 3(d)).
Fig. 8 shows scanning transmission electron micrographs and
EDX SDD spectrum images (maps) of specimens re-anodized at
110V for 15 and 180 s. The anodic ﬁlm at 15 s is ∼129 to 139nm
thick, corresponding to a formation ratio of ∼1.22nmV−1. The
range of thickness is due to undulations of the ﬁlm surface. The
EDX maps show that phosphorus is present from the ﬁlm surface
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Fig. 4. Results of Rutherford backscattering spectroscopy for aluminium following
anodizing to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at 296K and re-
anodizing at (a) 40V, (b) 60V and (c) 110V in 0.4mol dm−3 phosphoric acid at 296K.
Each spectrum is compared with the reference piece cut from the specimen after
anodizing in the arsenate electrolyte. (d) Spectra for a specimen anodized in the
arsenate electrolyte and then immersed for 180 s in the phosphoric acid.Fig. 5. Dependence of the loss of arsenic on time during re-anodizing aluminium for
180 s at 40, 60 and 110V in 0.4mol dm−3 phosphoric acid at 296K. The aluminium
was ﬁrst anodized to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at 296K.
to a depth of ∼47nm. Arsenic is contained in a ∼28nm thick layer,
buried at a depth of ∼24nm. One of the developing major pores is
shown in the specimen re-anodized for 180 s. Thewidth of the pore
is ∼54nm at its mouth. Its greatest width is ∼63nm. The widths
are within the range of pore sizes observed at the top of the ﬁlm
by SEM. At the region on the right hand side of the pore, arsenic is
present in a ∼30nm thick layer, buried at depth of ∼21nm, and the
phosphorus is distributed to greater depths than the arsenic. Phos-
phorus is present in the barrier layer beneath the major pore. The
barrier layer is ∼129nm thick, while the depth of the phosphorus
is ∼91nm. Arsenic forms a band a few nanometres thick that loops
around the major pore, reaching a depth of ∼68nm in the barrier
layer. At the left hand side of the major pore, the arsenic and phos-
phorus distributions appear to be affected by a smaller pore that
has possibly stopped growing. The arsenic and phosphorus form
small loops, with the distribution of phosphorus extending beyond
the band of arsenic.
4. Discussion4.1. Film formation in arsenate electrolyte
Anodizing in the arsenate electrolyte to 60V formed a bar-
rier ﬁlm containing immobile arsenic species, which are possibly
Fig. 6. Results of nuclear resonance 18O depth proﬁling for aluminium following
anodizing to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at 296K and re-
anodizing for 180 s at 40, 60 or 110V in 0.4mol dm−3 phosphoric acid at 296K.
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Table 2
Results of analysis of 18O in anodic ﬁlms. The table gives the amounts of 18O after anodizing in the 18O-enriched arsenate electrolyte, after re-anodizing or immersion in
phosphoric acid of natural isotopic composition and after deducting from the previous amount the 18O added from the phosphoric acid. The deducted amount was calculated
from the oxygen added to the ﬁlm following re-anodizing (Table 1) and the natural abundance of 18O (0.208%).The value in brackets in the ﬁnal column is the percentage
change in the 18O content after re-anodizing.
Re-anodizing conditions 18O in As 18O after re-anodizing/immersion 18O corrected for nat. abundance
×1015 atoms cm−2
40V
15 s 32.6 33.8 33.7 (+3%)
60 s 33.4 32.9 32.9 (−2%)
180 s 32.2 31.9 31.9 (−1%)
60V
18 s 33.4 33.8 33.8 (+1%)
60 s 33.4 32.4 32.3 (−3%)
180 s 33.7 33.5 33.2 (−2%)
110V
15 s 34.8 34.0 33.3 (−4%)
60 s 33.6 33.6 32.8 (−2%)
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resent as either arsenate ions or As2O5 species. The results of
able 1 indicate that the ﬁlms contained 386±7×1015 oxygen
toms cm−2 and 4.6±0.4×1015 arsenic atoms cm−2, of which
5×1014 atoms cm−2 may be adsorbed arsenic species. The differ-
nces in arsenic contents of individual specimens are attributed to
iffering amounts of adsorbed arsenate ions and the accuracy of the
BS. The average 18O content of the specimens was 34±1×1015
toms cm−2, which is 8.8±0.3 at% of the total oxygen. The oxygen
riginating from oxide on the electropolished aluminium, arsenate
ons and water of hydration of the sodium arsenate can reduce the
8O in the ﬁlms by up to 1% below that of the enriched water. The
xygen contents indicate that the ﬁlms are ∼70nm thick, which is
n reasonable agreement with the thicknesses of ∼75 and 73nm
rom TEM and RBS, respectively, and the typical anodizing ratio at
mAcm−2 of ∼1.2nmV−1 [44]. Based on a transport number of 0.4
or Al3+ions [45], the arsenic is located in the outer ∼29nm of the
lm,which is in agreementwith the distribution in the arsenicmap
f Fig. 8. The atomic ratio of As:Al in the outer region is estimated
o be ∼0.04.
Immersion of a ﬁlm in the phosphoric acid for 180 s resulted in
hanges of total oxygen and 18O equivalent to loss of up to ∼3nmof
lumina, suggesting a dissolution rate of ≤1nmmin−1. This com-
ares with a rate of 0.24nmmin−1 obtained for a ﬁlm formed in a
oric acid/borate solution then immersed in 5wt% phosphoric acid
40]. A small difference in the rates is expected due to the different
ncorporated electrolyte species [51] and experimental methods.
oss of arsenic was negligible compared with re-anodizing for a
imilar time (Table 1). Owing to the immobility of arsenic, loss dur-
ng re-anodizing is attributed mainly to ﬁeld-assisted dissolution
f the alumina.
ig. 7. Scanning electron micrographs (backscattered electrons) of the surface of alumin
96K and re-anodizing for 180 s at (a) 60 and (b) 110V in 0.4mol dm−3 phosphoric acid a32.5 (−2%)
34.1 (0%)
32.0 (−6%)
4.2. Re-anodizing at a potential of 40V
For re-anodizing at 40V, the electric ﬁeld at the start of polar-
ization was ∼5.6MVcm−1, which is in the range in which uniform,
non-Faradaic dissolution is expected [40]. Re-anodizing for 180 s
resulted in losses of arsenic and oxygen equivalent to ∼6 and
3nm of alumina, respectively, suggesting a dissolution rate of ∼1
to 2nmmin−1. The difference in the thicknesses may be due to
preferential retention of oxygen in the hydrated layer. Oh and
Thompson [40] reported a dissolution rate that increased from0.24
to 4.08nmmin−1 between ﬁelds of 5.36 and 6.86MVcm−1. The
present rate is reasonably consistent with their ﬁndings.
4.3. Re-anodizing at a potential of 60V
For re-anodizing at 60V, the initial electric ﬁeld was
∼8.3MVcm−1,whichexceeds the threshold reported for the forma-
tion of incipient pores, namely 7.46MVcm−1, and approaches the
threshold suggested for signiﬁcant oxidation of aluminium, namely
8.4MVcm−1 [40]. Re-anodizing for 180 s resulted in a loss of arsenic
equivalent to ∼12nmof alumina and an increase of oxygen equiva-
lent to ∼29nm of alumina. The cell charge was sufﬁcient to oxidize
∼53nm of aluminium. The Pilling–Bedworth ratio for alumina of
density 3.1 g cm−3 is 1.65. Thus, ∼88nm of alumina may be formed
at an anodizing efﬁciency of 100%. The depth of the pores in the
ﬁlm was ∼50nm, according to TEM, whereas the thickness of the
arsenic-containing region is ∼29nm. Therefore, the loss of arsenic
accounts for∼58%of the alumina that is dissolvedduring formation
of the pores. Hence, an equivalent of ∼21nm of alumina has been
dissolved and Al3+ ions in the equivalent of ∼38nm of alumina, or
ium following anodizing to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at
t 296K.
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Fig. 8. High angle annular dark ﬁeld scanning transmission electron micrographs and energy-dispersive X-ray SDD spectrum images of arsenic and phosphorus obtained
from a cross-sectioned specimen of aluminium following anodizing to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate electrolyte at 296K and re-anodizing at 110V in
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lternatively ∼43% of the oxidized aluminium atoms, have been
jected from the ﬁlm. The formation of pores was accompanied by
hinning of the barrier layer, which increased the electric ﬁeld and
urrent density. The separation of pores corresponded to a ratio of
0.4nmV−1, comparedwith∼0.13nmV−1 for re-anodizingat40V.
he range of the ratios encompasses the value of 0.28nmV−1 in
40]. Themassbalance analysis thathasbeenmade for re-anodizing
t 60V for 180 s indicates that of the total amount of oxidized alu-
inium 24% was dissolved (based on the loss of arsenic species
rom the ﬁlm, which is assumed to be caused by dissolution of alu-
ina since the arsenic is immobile), 43% was ejected from the ﬁlm
nd the remainder formed the ﬁlm material, giving rise to the mea-
ured relatively low efﬁciency of 0.32. The amount of oxide that
as dissolved (∼21nm) is much greater than can be accounted for
y chemical dissolution, which was indicated by the control spec-
men immersed in the phosphoric acid in the absence of the ﬁeld
∼3nm). Hence, the dissolution during formation of the incipient
ores appears to be a ﬁeld-assisted process. The proportion of the
luminiumspecies ejected to theelectrolyte is similar inmagnitude
o the commonly cited transport number of Al3+ ions in anodic alu-
ina [45]. A low efﬁciency has also been observed for porous ﬁlm
rowth under galvanostatic conditions at current densities simi-
ar to the present values [32,33]. Since dissolution of the alumina
ncreases with the electric ﬁeld, incipient pores are self-stabilizing
40].4.4. Re-anodizing at a potential of 110V
For re-anodizing at 110V, the initial electric ﬁeld was
15.3MVcm−1. After 180 s, little or no loss of arsenic occurred, with
an upper limit on any loss of ∼10%. The arsenic was buried owing
to the initial growth of the ﬁlm at close to 100% efﬁciency, when
∼60nm of oxide is expected to form, assuming an anodizing ratio
in the range 1.1 to 1.3nmV−1, with burial of the arsenic by ∼24nm.
After re-anodizing for 15 s, buried depths of ∼19 and 24nm were
measured by RBS and STEM/EDX, respectively. Phosphorus species
are incorporated into theﬁlmandmigrate inward, andare expected
to reach a depth of ∼40 to 50nm [49,52], which is consistent
with the depth of ∼47nm from STEM/EDX. Thus, when incipient
pores form as the current density declines, mainly phosphorus-
containing alumina is dissolved, since the pores, with typical depth
of ∼20 to 30nm according to TEM data, may penetrate the arsenic-
containing region only to a small extent. The high initial current
density may result in an increased incorporation of phosphorus
species compared with later times when the incipient and major
pores form [49]. As incipient pores form, phosphorus-rich alumina
remains at the lower ﬁeld regions near the ﬁlm surface. Phospho-
rus ions of the electrolyte adsorbed on the pore walls may then
also contribute to thedetectedphosphorus. Embryonicmajor pores
were also formed during growth of the ﬁlm. These formed at a
current density above 1mAcm−1, which is close to the threshold
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Fig. 9. Schematic diagrams of the formation of anodic ﬁlms on aluminium. (a) Barrier ﬁlm formed to 60V at 5mAcm−2 in 0.1mol dm−3 sodium arsenate at 296K, showing
incorporation of arsenic species. (b) Barrier ﬁlm formed after re-anodizing the specimen depicted in (a) for ∼15 s at 110V in 0.4mol dm−3 phosphoric acid at 296K, showing
the burial of the arsenic. (c) Nucleation and growth of incipient pores and nucleation of a major pore in the ﬁlm of (b) following further anodizing in the phosphoric acid. (d)
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srowth of the major pore. Arsenic species are retained in the ﬁlm and transported
s in (a) and then in the phosphoric acid for ∼180 s at 60V, showing loss of arseni
roposed distribution of phosphorus.
t which ﬂow of oxide has been proposed to become signiﬁcant
28,29,40]. The major pores reached a depth of ∼110nm, which is
elow the thickness of thephosphorus- andarsenic-containing alu-
ina of the initial barrier ﬁlm, namely ∼50nm. STEM/EDX shows
hat arsenic is retained within the ﬁlm, forming a narrow band
ithin the pore walls. Phosphorus species migrate beyond the
epth of the arsenic band. The ﬂow of ﬁlm material at the pore
ases is presumed to transport the arsenic species inward and
owards the pore walls, the latter effect is similar to the behaviour
f tungsten tracer species in ﬁlms formed on aluminium substrates
ontaining Al–W nanolayers [37–39]. The change of the mecha-
ism of pore formation is possibly due to interdependencies of
he ionic transport numbers, the anodizing efﬁciency, the growth
tresses and the oxide properties, such as viscosity, which may be
ffected by the current density and the incorporated anions [28,53].
or instance, an increase of current density at incipient pores may
educe the viscosity, increase incorporated phosphorus species,
iden the pores and reduce ﬁeld-assisted dissolution. The current
ensity may also affect the transport number, the distribution of
tress and locations of formation of new ﬁlm. However, it is not
resently clear precisely how these various factors relate to one
nother and affect the formation of the pores.
The proposed growth of the ﬁlm is presented in the schematic
iagrams of Fig. 9. Fig. 9(a) shows the ﬁlm formed in the arsen-
te electrolyte, with arsenic species in the outer region. Fig. 9(b)
hows the burial of the arsenic and the incorporation of phospho-
us species following re-anodizing for a short time. Fig. 9(c and
) shows the subsequent formation of incipient pores and major
ores, without loss of signiﬁcant quantities of arsenic. In order to
etain the arsenic in the ﬁlm, it is suggested that the ﬁlm mate-
ial recedes inward as the major pores develop. The recession is
uggested to be caused by formation of insufﬁcient oxide to ﬁll
he volume of oxidized aluminium. With a uniform distribution of
urrent in the ﬁlm, as in a barrier ﬁlm, the oxide can retreat uni-
ormly across the surface of the aluminium. In contrast, when the
urrent is focused towards preferred incipient pores, oxide ﬂows
ownward from the pore mouth regions towards the increasingly
calloped aluminium/ﬁlm interface. The preferred pores may be
ocations where the barrier layer thins slightly owing to the onset
f oxide ﬂow. The ﬂow may be initiated by the rising current den-
ity, which reduces the viscosity of the alumina. The arsenic isd by plasticized ﬁlm that ﬁlls the volume of oxidized aluminium. (e) A ﬁlm formed
to formation of incipient pores. The scale is enlarged relative to (a–d) to show the
transported with the oxide and also displaced towards the devel-
oping cell wall under the stresses generated by electrostriction and
formationofﬁlmmaterial. During theﬂowof theoxide, phosphorus
speciesmigrate inward and hence are found at signiﬁcantly greater
depths than the arsenic species. The anodizing efﬁciency during
major pore formation is estimated as ∼51% from the changes in the
cell charge and the oxygen content between times of 15 and180 s. A
relatively low efﬁciency has also been reported for the early stages
of porous ﬁlm growth under galvanostatic conditions [34,48]. The
volumes of formedalumina andoxidized aluminiumare equal at an
efﬁciency of ∼60%. The incorporation of phosphorus species should
increase the oxide volume, although it is not known towhat extent.
In contrast, Fig. 9(e) depicts a ﬁlm re-anodized at 60V, showing
the penetration of incipient pores through the arsenic-containing
region, with phosphorus-species being incorporated into a region
around the pore walls.
With regard to the distributions of arsenic and phosphorus
beneath the base of major pore in the ﬁlm re-anodized for 180 s
at 110V (Fig. 8(b)), the arsenic band lies at a depth of ∼68nm
and the phosphorus extends from the pore base to a depth of
∼91nm. These depths are ∼0.5 and 0.7 of the thickness of the
barrier layer. The depth of phosphorus is similar to the relative
depth of phosphorus in the cell walls of thick porous ﬁlms [30].
After re-anodizing for 15 s, the arsenic was buried by ∼24nm and
the phosphorus distribution extended approximately to the base
of the arsenic-containing layer. If the arsenic band is assumed to
form a hemisphere beneath the pore, the encompassed volume of
phosphorus-containing alumina is ∼7 times that above the arsenic
band in the barrier ﬁlm after 15 s of re-anodizing. Thus, assuming
that the arsenic does not migrate in the barrier layer beneath the
major pore, it appears that the arsenic band has been buried as the
major pores develop. These aspects of the formation of the ﬁlmwill
be considered in more detail in future work.
4.5. Behaviour of 18O
The retention of most of the18O in the ﬁlms during re-anodizing
can be explained by the inwardmigration of O2− ions and the inﬂu-
ence of the porosity on the distribution of the current density in the
ﬁlm. For the specimen re-anodized at 60V for 180 s, the average
rate of the pore growth is ∼0.28nms−1, while the ﬁlm grows at a
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ate of ∼0.21nms−1. However, with a porosity of ∼45% suggested
y NRA, the current density at the pore bases is increased relative
o the average current density. Thus, as oxygen of natural isotopic
omposition is added to the ﬁlm at the pore bases, 18O ions migrate
head of the advancing pores. In contrast, 18O ions that are located
n the pore wall where the electric ﬁeld is relatively low remain
ear the ﬁlm surface. For the ﬁlm formed at 110V, the dissolution
f the 18O is further hindered by its burial beneath the oxide formed
t the start of re-anodizing.
. Conclusions
1) Anodizing of aluminium to 60V at 5mAcm−2 in 0.1mol dm−3
sodium arsenate electrolyte at 296K results in formation of a
barrier ﬁlm that contains immobile arsenic species. The atomic
ratio of As:Al in the arsenic-containing region is ∼0.04.
2) During re-anodizing at 40V for 180 s in 0.4mol dm−3 phos-
phoric acid electrolyte at 298K, corresponding to an initial
electric ﬁeld of ∼5.6MVcm−1, the ﬁlm undergoes uniform
ﬁeld-assisted dissolution at a rate of ≤1nmmin−1, with the for-
mation of a layer of hydrated alumina at the ﬁlm surface. Under
these conditions, the efﬁciency of anodizing is negative.
3) Under an increased potential of 60V, corresponding to an initial
ﬁeld of ∼8.3MVcm−1, incipient pores are formed mainly by
ﬁeld-assisted dissolution of the oxide. Al3+ ions are also ejected
from the ﬁlm, the loss being equivalent to ∼43% of the ionic
current. The anodizing efﬁciency is between ∼0.2 and 0.3.
4) At a potential of 110V, corresponding to an electric ﬁeld of
∼15.3MVcm−1, the ﬁlm thickens at an efﬁciency between
∼0.57 and 0.66. In contrast to re-anodizing at the lower ﬁelds,
little or no arsenic is lost from the ﬁlm. This is due to its initial
burial by formation of oxide at high efﬁciency and the sub-
sequent ﬂow of oxide, and possible further burial of arsenic,
during formation of major pores.
5) 18O tracer is retained in the ﬁlms due to the ionic migration of
O2− ions, which transports 18O away from incipient pore bases
faster than the pores grow.
6) The overall ﬁndings suggest that the formation of incipient
pores proceeds primarily by ﬁeld-assisted dissolution of the
oxide. The subsequent preferential growth of certain incipi-
ent pores leads to local increases in the current density at the
bases of the pores, which may affect the incorporation of anion
species, transport numbers and the viscosity of the oxide. Due
to the non-uniform distribution of the current and the rela-
tively low efﬁciency of ﬁlm growth, major pores then develop
as oxide ﬂows downward to ﬁll the volume created by the oxi-
dation of aluminium at the scalloped aluminium/ﬁlm interface.
The growth of the major pores subsequently proceeds mainly
due to the ﬁeld-assisted ﬂow of oxide.
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